The selection of appropriate endpoints in pediatric drug development trials is a critical aspect of trial design. Given the high pediatric trial failure rate, selecting optimal trial design elements, such as the primary efficacy endpoint, is essential to ensuring increased potential for trial success. The objectives of this study were to identify the primary efficacy endpoints measured in pediatric drug development trials submitted to the US Food and Drug Administration and to relate endpoint attributes to trial and label outcome. The analysis included pediatric pivotal efficacy studies submitted from September 2007 to July 2016 for which there was a corresponding adult trial for the same indication. Two hundred and thirty-four efficacy trials on 138 unique products studied in pediatric patients were assessed. The adult and pediatric endpoints were the same in 141 of the 234 trials (60.3%), and these trials succeeded in meeting their primary endpoint more often (122 of 141 [86.5%]) than when the adult and pediatric endpoints differed (57 of 93 [61.3%]; odds ratio, 4.03; 95%CI, 2.10-7.80). Trials that included both pediatric and adult patients succeeded more frequently than those trials that did not combine pediatric and adult patients (85 of 95 versus 94 of 139, respectively; odds ratio, 4.05; 95%CI, 1.94-9.31). No differences were observed in pediatric trial success between those using subjective and objective endpoints. Using the same endpoint in the pediatric trial as was measured in the corresponding adult trial and enrolling pediatric and adult patients in the same trial were attributes associated with trial success.
There continues to be advancement in efforts to ensure that medications used in children are safe and effective, but pediatric drug development still represents a relatively new science. With the passage of the Best Pharmaceuticals for Children Act (BPCA) in 2002 followed by the passage of the Pediatric Research Equity Act in 2003, a substantial increase in the number of pediatric drug studies submitted to the US Food and Drug Administration (FDA) occurred. 1, 2 However, there still remain a significant number of trials that fail to result in an FDA-approved indication for pediatric use. 3 In 1 prior assessment, up to 42% of studies performed under BPCA failed to achieve an indication for use in pediatric patients. 2 To obtain marketing approval in the United States, drug manufacturers must demonstrate the effectiveness and safety of their products, usually by conducting adequate and well-controlled trials. 4, 5 Although a large number of factors go into the design and ultimately determine the success of a pediatric trial, the selection of a primary efficacy endpoint is vital to a well-designed study and serves as the basis for robust evaluation of the clinical impact of the therapeutic intervention. The use of appropriate endpoints that are well defined, reliable, interpretable, and directly applicable to the disease or condition being studied is critical.
Given its influence on trial outcomes, the selection of efficacy endpoints in pediatric trials should involve a rigorous process that is dependent on scientific and practical considerations. The objectives of this systematic review were to describe the attributes of primary efficacy endpoints measured in pivotal pediatric efficacy trials submitted to the FDA, to compare endpoints measured in pediatric trials with those measured in pivotal adult trials, and to assess the relationship between attributes of pediatric endpoints and trial/labeling outcomes.
Methods
Pediatric efficacy trials from drug development programs with data submitted to the FDA under the Food and Drug Administration Amendments Act (September 2007-June 2012) and the Food and Drug Administration Safety and Innovation Act (July 2012-July 2016) were surveyed. Only trials that were deemed pivotal in supporting a labeling claim for efficacy were reviewed as part of this survey, and only pediatric trials for which there was a corresponding adult trial for the same indication studied were included in the analysis. FDA-authored reviews of each trial were used to extract the following data: drug name, indication studied in children, therapeutic area, age group studied, primary efficacy endpoint, time of measurement of primary efficacy endpoint, trial outcome, and drug approval status. For a given indication studied in children, information regarding the primary efficacy endpoint measured in the corresponding adult trial was extracted from the FDA-approved drug label obtained from the drugs@FDA database.
For the purposes of this analysis, primary endpoints measured in pediatric trials were classified into the following categories: subjective versus objective vs. both, and same versus different than the adult endpoint. Measures that are highly based on personal opinion, interpretation, emotion, or judgment were categorized as subjective endpoints and those that were not were categorized as objective endpoints. An endpoint measured in a pediatric trial was considered different from an endpoint measured in the corresponding adult trial when the endpoint itself was different and/or when the time of measurement differed between the 2 populations. Trials that enrolled both patients younger than and older than 18 years of age were considered combined adult and pediatric trials.
Trial outcome was categorized as a "success" or "failure" based on whether the trial successfully met its primary efficacy endpoint. Drugs that were approved only in an age subset of the pediatric patients studied in the trial were considered approved.
Statistical evaluation was performed using Blaker's exact method, [6] [7] [8] which was chosen as a method suitable for the range of observed values. Computations were performed using R v3.4.3 (www.r-project.org) and employed the R package's Blaker CI and exact 2 × 2. Odds ratio (OR) and the 95% confidence interval (CI) were Figure 1 . Success and failure of pediatric trials when the trials were combined with adult efficacy trials. Shown are the number of pediatric trials that were combined (yes) and were not combined (no) with adult trials, the upper and lower bounds of the 95% confidence intervals (CIs), and a graphical depiction of the confidence intervals.
calculated as appropriate. No adjustment for multiple testing was made, as this analysis was exploratory.
Results
Two hundred thirty-four pivotal pediatric efficacy trials were submitted to the FDA during this period. The trials evaluated 138 unique drug products in children, with some products being studied in more than one trial. Fifty-two different indications and 171 distinct endpoints (Supplemental Table S1 ) are represented, and the most frequently studied areas were the pulmonary, antiviral, and allergy therapeutic areas (Table 1) . Of the 234 trials, 95 (40.6%) were combined trials in which both adult and pediatric patients were enrolled in the same trial. Forty-four products were evaluated in combined adult and pediatric trials, and theses trials were most frequently seen in the therapeutic areas of allergy, dermatology, and pulmonology.
Of the 234 trials, 179 (76.5%) successfully met their primary efficacy endpoint, whereas 55 (23.5%) failed ( Figure 1 ). Consequently, 107 of the 138 unique drug products (77.5%) were granted FDA approval for pediatric use, whereas 31 (22.5%) were not approved for use in the pediatric population studied. The therapeutic areas with the highest nonapproval rates included ophthalmology ( Figure 1 ).
In 141 of the trials (60.3%), the primary efficacy endpoint measured in the pediatric trial was the same as the endpoint measured in the corresponding adult trial, whereas in 93 of the cases (39.7%), the pediatric and adult endpoints were different (OR for success/failure, 4.03; 95%CI, 2.10-7.80; Figure 2 ). When the primary efficacy endpoint measured in the adult and pediatric trials differed, the reasons were the time of measurement of the endpoint was different (35 of 93 [37.6%]), the endpoint measure itself was different (32 of 93 [34.4%]), or both the endpoint measure 
a Drugs that were approved only in a subset of the pediatric patients studied were considered approved. b Pediatric versus adult trials for the same indication. . Success and failure of pediatric trials when the trial had a subjective endpoint, an objective endpoint, or used a composite endpoint of both a subjective and an objective endpoint (both). Shown are the number of pediatric trials that were subjective, objective, or both, the upper and lower bounds of the 95% confidence intervals (CIs), and a graphical depiction of the confidence intervals.
99 trials that measured subjective endpoints failed (31.3%). Only 1 trial of 21 failed (4.8%) when a composite endpoint composed of both objective and subjective measures was used. Subjective endpoints had a success rate that was less than the composite endpoint (OR, 0.11; 95%CI, 0.0052-0.68); see Figure 4 .
Discussion
The results of this analysis of pediatric primary endpoints in efficacy trials submitted to the US FDA demonstrate that endpoint selection does have an important impact on the outcome of a drug development program. Two attributes of endpoints were identified as being different between those trials that met their primary endpoint and were successful in obtaining pediatric labeling for the indication pursued compared to those that did not. Those successful attributes included: (1) using an endpoint in a pediatric trial that was the same as the endpoint measure in the corresponding adult trial, and (2) having pediatric and adult patients enrolled in the same trial. Of particular interest was the observation that incorporating unique endpoints into pediatric trials that differed from those measured in adult trials represented a risk factor for trial failure. Efficacy endpoints measured in adult trials for a given indication may not always be suitable for use in pediatric trials. 9 This may be because of differences between the 2 populations in the natural history (eg, migraine), 10 in the pathophysiology, or in the symptomatology (eg, heart failure) 11 of the disease or condition under study. Furthermore, the adult endpoint may not be suitable to measure in certain pediatric age subgroups because of differences in performance capacity. For example, the primary efficacy endpoint commonly measured in interventional pulmonary arterial hypertension trials in adults is the 6-minute walk test (6MWT), which is a measure of exercise capacity. [12] [13] [14] However, the 6MWT would not be a feasible endpoint to measure in infants and young children because they are not developmentally or physically capable of performing the test. 15, 16 In other instances, the relatively small pediatric patient population available or the infrequency of endpoint events often make it unfeasible to incorporate the adult endpoint into a pediatric trial because of the sample size that would be required to achieve adequate statistical power to detect a difference.
However, pediatric trials in our cohort failed more frequently when they were using endpoints that were different than the endpoint measured in the preceding adult trial. When trials fail, it is not always clear whether it is because of the endpoint selected or other factors. For example, the drug may not work in pediatric patients even if it works in adults for a disease that is considered to be similar. The lack of experience with an endpoint is another possible reason for trial failure. This leads to the inclusion of endpoints that are not validated for the purpose for which they are being used in the pediatric drug development program. Validation and acceptance of trial endpoints have been recognized as problems in drug development since the Critical Path document of 2004. 17 The FDA does not require that an endpoint be formally validated prior to its use in a trial. In fact, most biomarkers are eventually accepted as useful and informative through prior use in a successful drug development program, so the longterm experience with developing drugs for use in adults makes the endpoints used more likely to be accepted in the context of drug development.
Although subjective outcome measures can provide valuable insight into the therapeutic effect of a drug, they have the potential to introduce bias into the trial, particularly in the case of an open-label trial. Even the precise definition of a "subjective" outcome varies considerably among trials. 18 Some authors have suggested that subjective assessment should be minimized in a randomized clinical trial, 19 but that is not possible in all therapeutic indications (eg, pain, major depressive disorder, allergic rhinitis). Also, the use of clinical outcome assessments and patient-reported outcomes in pediatric studies may be important considerations in the future for pediatric drug development. 20 The finding that the use of a composite endpoint including both objective and subjective components within a trial resulted in few study failures could lead to the conclusion that this is an attractive approach, but the use of composite endpoints in adult drug development has been questioned. 21 When using a composite endpoint, each of the individual components is of equal importance in the analysis and characterization of the overall treatment effect of the drug. However, the interpretation of the results obtained when measuring a composite endpoint may be misleading if the clinical importance of the various components are markedly different, as the component with the least importance could be driving the favorable treatment effect or masking that the component with the greatest importance is adversely affected by the drug. Therefore, careful consideration should be given to the choice of the components of a composite endpoint, and each of the individual components should have reasonably similar clinical importance. 22 For the most part, composite endpoints have been used very successfully in adult drug development. [23] [24] [25] The enrollment of both adult and pediatric patients into a single trial may represent a reasonable approach when the available safety data permit and the disease in the 2 populations are considered similar. We found that trial outcome was better when pediatric patients could be included in the adult trial compared with when the pediatric trial was conducted separately. This was likely because of an increased understanding of the disease being studied, prior experience with the endpoint, and the similarity of the adult and pediatric diseases. For example, in our cohort, asthma, acne, and allergic rhinitis were the diseases for which combined adult and pediatric trials were commonly conducted. This approach also helps to address the problem of having a small sample size in pediatric trials, which is a common problem. Patient selection criteria and enrichment of the pediatric study population are additional considerations for trial success, and a recent review of pediatric enrichment has been published. 26 Although our cohort contained more than 200 trials, this should be considered an exploratory analysis because of the relatively small numbers of trials in some therapeutic areas. It can also be difficult to determine any one isolated reason why a trial may have failed, and there are often multiple factors contributing to trial outcome. 3 Therefore, solely attributing trial failure for any given indication to endpoint selection may be incorrect. As such, caution should be used in applying these findings.
In conclusion, endpoint selection is a key factor influencing the success of pediatric drug development trials. Two attributes of endpoints were identified as differing between those trials that were successful and those that failed in obtaining pediatric labeling for the indication pursued: (1) measuring the same endpoint in the pediatric trial as that measured in the corresponding adult trial, and (2) enrolling pediatric and adult patients in the same trial. When the endpoint chosen has not been used in adult studies, careful consideration should be given to its validation in this context of use. Studying certain therapeutic areas remains problematic because of the percentage of failed pediatric trials in those areas. Understanding the pediatric disease process and understanding the endpoint, as well as careful consideration of trial designs, are all integral components of obtaining success in pediatric drug development.
